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Introduction {#sec1}
============

Mammalian cytokinesis occurs via two major steps, ingression of the cleavage furrow followed by abscission ([@bib7], [@bib32], [@bib13]). Ingression is driven by contraction of a cortical actomyosin ring (AMR) that disassembles at the midbody stage, whereas abscission, i.e., the final cut of a narrow intercellular bridge (ICB) between sibling cells, requires endosomal sorting complex required for transport-III (ESCRT-III)-mediated membrane fission ([@bib22], [@bib20], [@bib15], [@bib1]). Abscission also requires generation and release of tension as well as cytoskeletal clearance at the ICB ([@bib10], [@bib41], [@bib27], [@bib18], [@bib19]). However, it is unclear how each mechanism operates at the molecular level and how these distinct mechanisms are spatiotemporally coordinated to enable abscission. More importantly, it remains unknown when, where, and how the site of abscission (SOA) is formed during cytokinesis and what drives the thinning of the ICB from its initial size of ∼1.5--2.0 μm (midbody diameter) ([@bib33], [@bib34]) to ∼100--300 nm to allow ESCRT filament assembly and function in abscission ([@bib21], [@bib1], [@bib11], [@bib2]). In this study, we found that the motor activity of non-muscle myosin-II (NM-II) is required for the generation of the site of constriction (SOC), which becomes the future SOA, and that different isoforms of NM-II play distinct roles in this process. In addition, our study suggests that NM-II motor activity may spatiotemporally coordinate the various mechanisms involved in abscission.

Results {#sec2}
=======

NM-II Isoforms Display Distinct Localization Patterns and Dynamics during Cytokinesis {#sec2.1}
-------------------------------------------------------------------------------------

We began the study by asking the key question whether different isoforms of NM-II carry out distinct roles in mammalian cytokinesis. We chose to address the question in HeLa-Kyoto cells because the expression of all three isoforms (IIA, IIB, and IIC) has been quantitatively assessed by RNA sequencing (IIA, 100.00%; IIB, 3.78%; IIC, 0.02%) and mass spectrometry (IIA, 100.00%; IIB, 6.20%; IIC, 0.74%) ([@bib30]). Thus IIA is the major isoform expressed in these cells, approximately 16- and 135-fold higher than IIB and IIC, respectively.

To determine whether the HeLa-Kyoto cells are appropriate for our functional analysis, we first assessed the overall requirement of NM-II activity for cytokinesis in these cells. When treated with 25 μM Blebbistatin, a specific inhibitor for NM-II ([@bib38], [@bib29], [@bib26]), all dividing cells displayed the stereotypical behavior of furrow initiation, followed by regression, leading to the formation of binucleated cells ([Figure 1](#fig1){ref-type="fig"}A). Thus NM-II activity is essential for furrow ingression in HeLa-Kyoto cells.Figure 1Distinct Localization Patterns and Dynamics of NM-IIA, NM-IIB, and NM-IIC during Cytokinesis(A) The motor activity of NM-II is essential for furrow ingression. Cells were treated with 25 μM Blebbistatin. Scale bar, 5 μm.(B) Localization pattern of NM-IIA during cytokinesis. See also [Video S1](#mmc2){ref-type="supplementary-material"}, left. Scale bar, 5 μm.(C) Localization pattern of NM-IIB during cytokinesis. See also [Video S1](#mmc2){ref-type="supplementary-material"}, right. Scale bar, 5 μm. See also [Figure S1](#mmc1){ref-type="supplementary-material"}A for the localization pattern of NM-IIC0 during cytokinesis. Scale bar, 5 μm. See also [Video S2](#mmc3){ref-type="supplementary-material"}, left.(D and E) FRAP analysis of NM-IIA and NM-IIB during cytokinesis. See also [Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B and [Video S3](#mmc4){ref-type="supplementary-material"}. Data for fluorescence recovery at the bleached region of all cells examined for each strain are presented as mean ± SD (D) or as individual curves (E). See also [Figures S1](#mmc1){ref-type="supplementary-material"}B, S1C, and [S2](#mmc1){ref-type="supplementary-material"}C, and [Video S2](#mmc3){ref-type="supplementary-material"} (right) for FRAP analysis of NM-IIC0 during cytokinesis.

We next directly compared the localization patterns and dynamics of the isoforms using cells stably transformed with the chromosome marker H2B-mCherry and GFP-tagged IIA (human), IIB (human), or IIC0 (mouse). NM-II isoforms were expressed from the same promoter on the same plasmid vector. All three isoforms (IIA--IIC) began to enrich at the cell equator after the onset of anaphase ([Figures 1](#fig1){ref-type="fig"}B, 1C, and [S1](#mmc1){ref-type="supplementary-material"}A). The accumulation of IIA at the division site was strong during the early stage of furrowing, but gradually decreased toward the midbody stage (29 of 29 cells) ([Figure 1](#fig1){ref-type="fig"}B). In some cells, IIA was slightly enriched near the ends of the ICB ([Video S1](#mmc2){ref-type="supplementary-material"}, left). In contrast, IIB localized at the division site throughout cytokinesis, including a prominent localization at the ICB during midbody stage (17 of 17) ([Figure 1](#fig1){ref-type="fig"}C; [Video S1](#mmc2){ref-type="supplementary-material"}, right). The localization of IIC was similar to that of IIB throughout cytokinesis (13 of 13) ([Figure S1](#mmc1){ref-type="supplementary-material"}A; [Video S2](#mmc3){ref-type="supplementary-material"}, left).

Video S1. Localization of NM-IIA (Left) and NM--IIB (Right) during Cytokinesis, Related to Figures 1A and 1B

Video S2. Localization (Left) and FRAP Analysis (Right) of NM-IIC0 during Cytokinesis, Related to Figures 1B--1E, S1, and S2

The turnover rates of all three isoforms during cytokinesis were determined by fluorescence recovery after photobleaching (FRAP). Significant differences among the isoforms were observed. A region of GFP-IIA at the division site was photobleached, and recovery at that region was followed over time ([Figure S2](#mmc1){ref-type="supplementary-material"}A). Consistent with a previous report ([@bib25]), IIA was very dynamic during cytokinesis ([Figures 1](#fig1){ref-type="fig"}D and 1E; [Video S3](#mmc4){ref-type="supplementary-material"}, left). In contrast, IIB was much less dynamic than IIA ([Figures 1](#fig1){ref-type="fig"}D, 1E, and [S2](#mmc1){ref-type="supplementary-material"}B; [Video S3](#mmc4){ref-type="supplementary-material"}, right). Furthermore, IIB appeared to display more pronounced cell-to-cell variation ([Figures 1](#fig1){ref-type="fig"}D and 1E), with most cells exhibiting a slower turnover rate (5 of 8) and the rest resembling IIA ([Figure 1](#fig1){ref-type="fig"}E). The dynamics of IIC during cytokinesis was similar to that of IIB, although the turnover rate was further reduced ([Figures S1](#mmc1){ref-type="supplementary-material"}B, S1C, and [S2](#mmc1){ref-type="supplementary-material"}C; [Video S2](#mmc3){ref-type="supplementary-material"}, right). The larger range of IIB behavior could be explained by the following considerations: IIA and IIB are able to self-assemble and co-assemble into homotypic and heterotypic filaments in stress fibers as well as in the contractile ring ([@bib5]). Because IIA is the dominant isoform, in cells expressing a lower level of GFP-IIB, most of the protein could be in the form of IIA-IIB heterotypic filaments that might exhibit similar dynamics as IIA. The differential turnover rates of IIA and IIB observed during cytokinesis are similar to those reported during cell migration ([@bib37]), suggesting that this is an isoform-specific property.

Video S3. FRAP Analysis of NM-IIA (Left) and NM-IIB (Right) during Cytokinesis, Related to Figures 1C and 1D

Collectively, these data indicate that different NM-II isoforms display distinct localization patterns and dynamics during cytokinesis.

A Tail Fragment of NM-IIA Causes a Defect at the Terminal Stage of Cytokinesis {#sec2.2}
------------------------------------------------------------------------------

To determine the roles of different NM-II isoforms in cytokinesis, an RNA interference approach was used to knock down the levels of IIA and IIB. IIC was not included in this study due to the lack of reliable detection of its low-level expression by western blot. Small interfering RNA (siRNA) specific to IIA or IIB was transfected individually or in combination. Under this condition, fluorescently labeled control RNA was transfected at ∼100% efficiency. Western blot showed that IIA and IIB were reduced by more than 80% and 60%, respectively ([Figure S3](#mmc1){ref-type="supplementary-material"}). Despite the significant knockdown in both IIA and IIB levels, there was no obvious increase in the number of binucleated cells at the population level. Few cells appeared to show a defect in abscission. These data suggest that the residual activity of IIA and IIB, perhaps coupled with the extremely low level of IIC, is largely sufficient to drive furrow ingression and enable abscission in HeLa-Kyoto cells.

As an alternative approach to dissect the roles of different isoforms in cytokinesis, we designed expression constructs with the potential to act in a dominant-negative manner. A short tail fragment containing the "assembly competent domain" (ACD) of an NM-II isoform is known to interact with and compete for bipolar filament assembly of the endogenous protein. Such a tail fragment for IIA or for the budding yeast myosin-II heavy chain has been shown to localize to the division site in a manner that depends on the presence of the endogenous protein ([@bib4], [@bib17]). We tried this approach on IIB first, as it displayed a prominent localization at the division site during the midbody stage, which suggests a possible role in abscission. Previous work showed that a tail fragment containing the ACD of IIB (residues 1672--1976) could inhibit enucleation of human erythroblasts ([@bib39]). Thus, we fused GFP to the N terminus of a 348-amino-acid fragment (residues 1629--1976) of the C-terminal tail of IIB (GFP-IIB-348-tail) and expressed this after transfection into HeLa-Kyoto cells from the cytomegalovirus (CMV) promoter ([Figure 2](#fig2){ref-type="fig"}A). In interphase cells, GFP-IIB-348-tail formed bright punctae in the cytoplasm, and during mitosis and cytokinesis, it localized weakly to the division site ([Figure S4](#mmc1){ref-type="supplementary-material"}; [Video S4](#mmc5){ref-type="supplementary-material"}). This weak localization suggests that the "furrow-targeting signal," which is defined as the ability of a fragment to target to the division site in the absence of the endogenous or full-length protein, is missing in the IIB ACD construct. This is a reasonable possibility, as IIA is known to contain a furrow-targeting signal and the ACD near the middle and C terminus of its tail, respectively ([@bib4]). A similar arrangement of the furrow-targeting signals and a putative ACD occurs in the tail of NM-II in budding yeast ([@bib17]). The weak localization of the GFP-IIB-348-tail is also consistent with the low-level expression of endogenous IIB ([@bib36], [@bib30]) and suggests that that the IIB tail fragment interacts only with the full-length IIB, and not IIA, at the division site. No apparent defect in cytokinesis was observed for the GFP-positive cells, either at the population level by counting binucleated cells or at the individual cell level by time-lapse microscopy.Figure 2A Tail Fragment of NM-IIA Causes a Defect at the Terminal Stage of Cytokinesis(A) Diagram of the GFP-tagged IIA and IIB tail fragments used in this study.(B) Cells expressing the GFP-IIA-349-tail fragment are defective in abscission (top) in contrast to the control cells not expressing the fragment (bottom). Cells were imaged 24--48 h after transfection. Scale bar, 10 μm.(C) Quantification of binucleated cells caused by GFP-IIA-349-tail. Imaging data acquired in (B) were used for the count.

Video S4. Localization of GFP-IIB-Tail during the Cell Cycle, Related to Figure 2A

We then constructed a plasmid expressing GFP-IIA-349-tail (residues 1612--1960) ([Figure 2](#fig2){ref-type="fig"}A). In interphase cells, GFP-IIA-349-tail associated with stress fibers, and during mitosis and cytokinesis, it localized to the cell cortex and cleavage furrow ([Figure 2](#fig2){ref-type="fig"}B). All GFP-positive cells (n = 50) underwent normal furrow ingression, but, strikingly, 62.5% paused at the midbody stage. This pause was accompanied by the enrichment of the tail fragment at the division site for up to 2 h, which was followed by furrow regression to form binucleated cells ([Figure 2](#fig2){ref-type="fig"}C). Some cells paused at the midbody stage for 6 h or more before they underwent furrow regression. This phenotype could in principle be due to dominant negative effects on endogenous IIA. However, the phenotype could also be caused by combined disruptions of all three isoforms, because a similar tail fragment of IIA (residues 1633--1960) was previously shown to interact with the full-length IIA or IIB at the division site ([@bib4]) and it is known that full-length IIA can co-assemble with full-length IIB or IIC into heterotypic filaments ([@bib5]).

Taken together, these data indicate that the major isoform IIA, possibly in combination with the minor isoforms IIB and IIC, play an essential role at the terminal stage of cytokinesis in HeLa-Kyoto cells.

Inhibition of NM-II Motor Activity by a Low Dose of Blebbistatin Causes Delayed Removal of Actin and Myosin Filaments from the Division Site at the Midbody Stage {#sec2.3}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------

Treatment of cells with 25 μM Blebbistatin completely blocked cytokinesis at the furrowing stage ([Figure 1](#fig1){ref-type="fig"}A), whereas transfection of cells with the IIA tail fragment caused a defect at the terminal stage of cytokinesis ([Figure 2](#fig2){ref-type="fig"}). These observations raised the possibility that an incomplete inactivation of NM-II might cause a defect at the midbody stage before abscission. To test this possibility, we treated HeLa-Kyoto cells with different concentrations of Blebbistatin and found by time-lapse analysis that in the presence of 7.5 μM Blebbistatin, cells underwent furrow ingression that was often followed by regression ([Figure 3](#fig3){ref-type="fig"}A). Furrowing had reached the midbody stage, as indicated by the cell-cycle-controlled localization of GFP-CEP55 at the division site in all drug-treated cells (n = 16) ([Figure 3](#fig3){ref-type="fig"}B) ([@bib3]). These data indicate that NM-II motor activity plays a role at the midbody stage during cytokinesis.Figure 3Inhibition of NM-II Motor Activity by a Low Dose of Blebbistatin Causes Delayed Removal of Actin and Myosin Filaments from the Division Site at the Midbody Stage(A) Treatment of cells by 7.5 μM Blebbistatin results in furrow ingression, followed by furrow regression. Cells were treated with DMSO or 7.5 μM Blebbistatin and observed by time-lapse microscopy. Scale bar, 10 μm.(B) CEP55 localizes to the midbody region in cells treated with 7.5 μM Blebbistatin. Cells transfected with the plasmid carrying GFP-CEP55 and treated with 7.5 μM Blebbistatin were analyzed by time-lapse microscopy. Scale bar, 10 μm.(C) Quantification of binucleated cells caused by 7.5 μM Blebbistatin. Cells in the presence of DMSO or 7.5 μM Blebbistatin were imaged by time-lapse microscopy and then scored for the mono- versus binucleated phenotype.(D) IIA is enriched and prolonged at the ICB in cells treated with 7.5 μM Blebbistatin. Cells transfected with the plasmid carrying GFP-IIA in the presence of DMSO (left) or 7.5 μM Blebbistatin (right) were analyzed by time-lapse microscopy. Scale bar, 10 μm.(E) The duration of IIB at the ICB is prolonged in cells treated with 7.5 μM Blebbistatin. Cells transfected with the plasmid carrying GFP-IIB in the presence of DMSO (left) or 7.5 μM Blebbistatin (right) were analyzed by time-lapse microscopy. Scale bar, 10 μm.(F) Actin filaments are enriched and prolonged at the ICB in cells treated with 7.5 μM Blebbistatin. Cells infected with Adenovirus carrying GFP-LifeAct in the presence of DMSO (left) or 7.5 μM Blebbistatin (right) were analyzed by time-lapse microscopy. Scale bar, 10 μm.See also [Video S5](#mmc6){ref-type="supplementary-material"}.

To determine whether the Blebbistatin treatment affects the localization of actin and myosin filaments at the division site, we first monitored the NM-II behavior in cells transfected with GFP-tagged full-length IIA or IIB in the presence of 7.5 μM Blebbistatin or DMSO (a final concentration of 0.44%) by time-lapse analysis. For the non-transfected cells treated with Blebbistatin, 79% (n = 62) became binucleated 2 h after furrow ingression ([Figure 3](#fig3){ref-type="fig"}C). This number is likely an underestimate, as some cells could undergo regression 6 h or more after the midbody stage. In contrast, only 3.3% (n = 61) of the non-transfected cells treated with DMSO became binucleated within the same imaging period ([Figure 3](#fig3){ref-type="fig"}C). Strikingly, Blebbistatin treatment prolonged the localization of IIA and IIB at the ICB. As expected, IIA localized to the cleavage furrow, but disappeared at or near the midbody stage in DMSO-treated cells ([Figure 3](#fig3){ref-type="fig"}D, left). However, in the presence of 7.5 μM Blebbistatin, IIA was clearly enriched at the ICB with a duration of 81 ± 24 min (n = 13) ([Figure 3](#fig3){ref-type="fig"}D, right). IIB localized to the cleavage furrow and the ICB in DMSO-treated cells, with a duration at the ICB of 56 ± 21 min (n = 14) ([Figure 3](#fig3){ref-type="fig"}E, left). Blebbistatin treatment prolonged its duration at the ICB to 80 ± 17 min (n = 13) ([Figure 3](#fig3){ref-type="fig"}E, right). Similarly, F-actin, as revealed by GFP-tagged LifeAct, was enriched and prolonged at the ICB ([Figure 3](#fig3){ref-type="fig"}F; [Video S5](#mmc6){ref-type="supplementary-material"}). Importantly, regression was always preceded by the removal of actin and myosin filaments from the ICB ([Figures 3](#fig3){ref-type="fig"}D--3F). These data indicate that NM-II motor activity is required for the efficient removal of actin and myosin filaments from the ICB, and that these filaments are likely involved in the attachment of the midbody or its associated microtubule (MT) arrays to the plasma membrane.

Video S5. Localization of F-Actin (GFP-LifeAct) in DMSO (Left)- and Blebbistatin (Right)-Treated Cells, Related to Figure 3F

NM-II Motor Activity Is Required for Midbody Maturation and the Generation of a Site of Constriction {#sec2.4}
----------------------------------------------------------------------------------------------------

To further explore the mechanisms for the role of NM-IIs at the terminal stage of cytokinesis, we synchronized HeLa-Kyoto cells using the sequential treatments of thymidine, nocodazole, and MG132 (see [Transparent Methods](#mmc1){ref-type="supplementary-material"} for details) and then examined the localizations of the endogenous Cep55 (a midbody marker), NM-IIA, NM-IIB, Sept9, and F-actin in 7.5 μM Blebbistatin- or DMSO-treated cells at the early or late midbody stages, as indicated by tubulin staining, respectively. As expected, Cep55 localized to the midbody regardless Blebbistatin treatment or the midbody stage ([Figure 4](#fig4){ref-type="fig"}A). However, the diameters of the midbodies were clearly different in Blebbistatin- versus DMSO-treated cells. During the early midbody stage, the diameters for the drug-treated and untreated cells were 2.6 ± 0.9 μm (n = 169) and 1.8 ± 0.3 μm (n = 117), respectively ([Figure 4](#fig4){ref-type="fig"}B). During the late midbody stage, the diameters for the drug-treated and untreated cells were 2.2 ± 0.8 μm (n = 111) and 1.5 ± 0.3 μm (n = 111), respectively ([Figure 4](#fig4){ref-type="fig"}B). Strikingly, in DMSO-treated cells, an SOC was formed at both sides of the midbody during the early stage, and this site presumably became the SOA during the late stage. The distance between the SOC and the midbody was 1.0 ± 0.4 μm (n = 89) ([Figure 4](#fig4){ref-type="fig"}B). The diameter of the midbody displayed a small change from the early (∼1.8 μm) to late stage (∼1.5 μm), whereas the diameter of the SOC was reduced substantially from 1.1 ± 0.3 μm (n = 117) during the early stage to 0.5 ± 0.3 μm (n = 111) during the late stage ([Figure 4](#fig4){ref-type="fig"}B). Remarkably, Blebbistatin treatment abolished the generation of the SOC ([Figure 4](#fig4){ref-type="fig"}A). Not only did the midbody diameter fail to shrink but also the MT arrays at the ICB failed to condense, as indicated by the diameter of the ICB at the corresponding position of the SOC (2.5 ± 0.8 μm, n = 111; measured at 1.2 μm away from the midbody) (termed *illusionary SOC* (iSOC) hereafter for convenience and simplicity), which is significantly larger than the diameter of the midbody ([Figure 4](#fig4){ref-type="fig"}B). Taken together, these data indicate that NM-II motor activity is required for midbody and ICB maturation as well as for the generation of a SOC.Figure 4NM-II Motor Activity Is Required for Midbody Maturation and the Generation of a Site of Constriction(A) The sites of constriction are abolished by treatment with 7.5 μM Blebbistatin. HeLa-Kyoto cells were synchronized sequentially with thymidine, nocodazole, and MG132, and then released into fresh medium for 45 min. Two aliquots of these cells were treated with DMSO or 7.5 μM Blebbistatin for 60 min (early midbody stage) or 120 min (late midbody stage), respectively, before being fixed and stained with anti-Cep55 (green) and anti-α-tubulin (red) antibodies. Arrows, sites of constriction; arrowheads, the site of abscission. Scale bar, 5 μm.(B) Measurements of the diameter of the midbody, the diameter at the site of constriction, as well as the distance between these cellular structures in DMSO- or Blebbistatin-treated cells during the early and late midbody stages. The samples used for this quantification include the cells synchronized at the early and late midbody stages that were double-stained with an anti-α-tubulin (red) antibody, in combination with an anti-Cep55 (green) (see A), anti-NM-IIA (green) (see [Figure 5](#fig5){ref-type="fig"}A), anti-NM-IIB (green) (see [Figure 5](#fig5){ref-type="fig"}B), phalloidin (green) (see F-actin in [Figure 5](#fig5){ref-type="fig"}C), or anti-Sept9 antibody (green) (see [Figure 5](#fig5){ref-type="fig"}D). MD, midbody; SOC, site of constriction; iSOC, illusionary SOC.(C) Addition of Blebbistatin before the start of furrowing or at the end of furrowing causes furrow regression or a delay in abscission, respectively. HeLa cells stably expressing mCherry-H2B and EGFP-α-tubulin were treated with either DMSO or 7.5 μM Blebbistatin at the indicated times and followed by time-lapse microscopy. Maximum projection of EGFP-α-tubulin (12 z-sections with the step size of 0.7 μm) for a representative cell of each category is shown here. Regression was judged based on both the bright-field and the EGFP-α-tubulin images. Arrowhead indicates the site of constriction that becomes the site of abscission.(D) NM-II motor activity is required for the thinning of the ICB. The same images as described in (C) were used for measuring the diameter at the midpoint of the spindle as well as the diameter at the thinnest part near the midpoint of the MT array at the ICB (presumably the "site of constriction" in DMSO-treated cells). Individual traces for individual cells of indicated categories are presented here. Time point "0" is the time when furrow ingression was completed (based on bright-field images).(E) The same data from (D) are presented as mean ± SD.

To further determine the role of NM-II motor activity at the terminal stage of cytokinesis, we performed live imaging on HeLa cells stably transfected with EGFP-α-tubulin and mCherry-H2B in the presence of DMSO or 7.5 μM Blebbistatin. In the presence of DMSO, all cells underwent abscission with duration at the midbody stage of 111 ± 14 min (n = 16) ([Figure 4](#fig4){ref-type="fig"}C). The initial SOC became the future SOA ([Figure 4](#fig4){ref-type="fig"}C, arrowhead). The diameter at the SOC was progressively reduced over time, going from 1.2 ± 0.2 μm to zero (n = 16) ([Figures 4](#fig4){ref-type="fig"}D and 4E). In contrast, when the Blebbistatin was added before furrow ingression, majority of the cells (12 of 16 cells) underwent furrow ingression, followed by furrow regression 176 ± 39 min later ([Figures 4](#fig4){ref-type="fig"}C--4E). All cells failed to form an obvious SOC ([Figure 4](#fig4){ref-type="fig"}C). The rate of furrow ingression, as reflected by the rate of diameter change for the spindle, was slightly reduced when compared with that of DMSO-treated cells, and the diameter of the thinnest part of the ICB (presumably referring to the "midbody" and then "its adjacent region," based on the data in [Figures 4](#fig4){ref-type="fig"}A and 4B) was reduced from its initial size of 2.2 ± 0.5 μm (n = 15) to 1.3 ± 1.0 μm (n = 12) during the longest time span required for abscission in the DMSO-treated cells ([Figures 4](#fig4){ref-type="fig"}C--4E). Thus, consistent with data on the fixed cells described above, these results indicate that NM-II motor activity is required for midbody and ICB maturation as well as for the generation of a SOC, which becomes the future SOA.

When Blebbistatin was added after furrow ingression, 6 of 10 cells showed delayed abscission with duration at the midbody stage of 184 ± 20 min ([Figures 4](#fig4){ref-type="fig"}C--4E), 1 cell displayed furrow ingression followed by regression, and the remaining 3 did not display clear abscission. As expected, the rate of furrow ingression was not affected ([Figures 4](#fig4){ref-type="fig"}D and 4E) and the diameter of the thinnest part of the ICB (presumably referring to the SOC, which should be formed at the time of Blebbistatin addition based on the data in [Figures 4](#fig4){ref-type="fig"}A and 4B) was in between the diameter of the SOC in the DMSO-treated cells and the diameter of the midbody in the Blebbistatin (added before furrowing)-treated cells ([Figures 4](#fig4){ref-type="fig"}D and 4E). Importantly, the choice of abscission delay versus furrow regression appeared to strictly correlate with the diameter at the iSOC. These data indicate that NM-II motor activity plays a post-furrow role in cytokinesis, i.e., the generation of a SOC.

NM-IIB, Actin Filaments, and Septin 9 Are Associated with the Site of Constriction {#sec2.5}
----------------------------------------------------------------------------------

To determine how NM-IIs might be involved in the generation of a SOC, we performed localization studies on NM-IIA and NM-IIB during cytokinesis and abscission in synchronized cells using isoform-specific antibodies. Both IIA and IIB localized to the division site during furrow ingression. IIA did not enrich at any part of the ICB from early to late midbody stage in DMSO-treated cells ([Figure 5](#fig5){ref-type="fig"}A) (for the early stage, 22 of 22 cells, and for the late stage, 18 of 18). However, Blebbistatin treatment resulted in its enrichment at the midbody throughout the terminal stage of cytokinesis and IIA was apparently present as a single ring surrounding the midbody during the late stage ([Figure 5](#fig5){ref-type="fig"}A) (for the early stage 19 of 19, and for the late stage 17 of 17). In contrast, IIB was enriched at both SOCs during early midbody stage (18 of 18) and then localized to the midbody as well as to a SOC or the SOA during late midbody stage (9 of 16) in DMSO-treated cells ([Figure 5](#fig5){ref-type="fig"}B). This was more clearly visualized in a montage of the z-section images ([Figure S5](#mmc1){ref-type="supplementary-material"}). IIB could be detected at the SOC with a diameter as small as ∼0.3 μm. In Blebbistatin-treated cells, IIB was enriched over the entire midbody during the early stage (15 of 15) and was apparently present as a double ring sandwiching the midbody during the late stage (19 of 19) ([Figure 5](#fig5){ref-type="fig"}B). Thus, consistent with the time-lapse data on the GFP-IIA and GFP-IIB localization ([Figures 3](#fig3){ref-type="fig"}D and 3E), the endogenous IIA and IIB display distinct localization patterns during terminal stage of cytokinesis. Most importantly, these data suggest that IIB is in the right place at the right time to drive the formation of the SOCs, which presumably become the future SOAs.Figure 5NM-IIB, Actin Filaments, and Septin 9 Are Associated with the Site of Constriction(A) IIA is not associated with the site of constriction. Cells were synchronized at the early or late midbody stage, treated with DMSO or 7.5 μM Blebbistatin, and double-stained for IIA (green) and tubulin (red) as described for Cep55 in [Figure 4](#fig4){ref-type="fig"}A. Arrows, sites of constriction; arrowheads, the site of abscission. Scale bar, 5 μm.(B) IIB is associated with the site of constriction. Cells were processed and double-stained for IIB (green) and tubulin (red) as described for IIA in (A). Arrows, sites of constriction; arrowheads, the site of abscission. Scale bar, 5 μm. See also [Figure S5](#mmc1){ref-type="supplementary-material"}.(C) F-actin is associated with the site of constriction. Cells were processed and double-stained for F-actin (green) and tubulin (red) as described for IIA in (A). Arrows, sites of constriction; arrowheads, the site of abscission. Scale bar, 5 μm. See also [Figure S6](#mmc1){ref-type="supplementary-material"}.(D) Septin 9 is associated with the site of constriction. Cells were processed and double-stained for Sept9 (green) and tubulin (red) as described for IIA in (A). Arrows, sites of constriction; arrowheads, the site of abscission. Scale bar, 5 μm. See also [Figure S7](#mmc1){ref-type="supplementary-material"}.

The idea of IIB producing a local constrictive force at the shoulder of the midbody predicts the presence of F-actin at the same location. Indeed, this is the case. F-actin formed a ring-like structure surrounding the SOC during both early and late midbody stages ([Figures 5](#fig5){ref-type="fig"}C and [S6](#mmc1){ref-type="supplementary-material"}). As expected, Blebbistatin treatment abolished SOC formation. Under this condition, F-actin was enriched over the midbody region ([Figure 5](#fig5){ref-type="fig"}C). This, together with the IIB data, suggests that a secondary AMR is formed to generate the SOC for the future abscission.

Septins are known to scaffold the full activation of NM-II by its kinases (MLCK, ROCK, and citron) during later stages of cytokinesis ([@bib24]). Septin 9 (Sept9) is required for abscission ([@bib16]). Septins are also known to recognize micron-scale membrane curvature ([@bib9]). These observations raise the possibility that septins might scaffold IIB activation to generate the SOC and stabilize the membrane curvature there. To test this possibility, we examined Sept9 localization in the synchronized cells. We found that Sept9 localized to the SOCs (14 of 22) or to both the SOCs and the MT array (8 of 22) during early midbody stage ([Figures 5](#fig5){ref-type="fig"}D and [S7](#mmc1){ref-type="supplementary-material"}). Blebbistatin treatment caused Sept9 accumulation surrounding the midbody ([Figure 5](#fig5){ref-type="fig"}D). Sept9 localized to both the SOCs and the MT array (16 of 21) during late midbody stage ([Figures 5](#fig5){ref-type="fig"}D and [S7](#mmc1){ref-type="supplementary-material"}). Blebbistatin caused various Sept9 localizations, the majority displaying association with the MT array (14 of 17), some displaying MT association and localization at the iSOC (6 out of 17), some displaying midbody and MT localization (3 of 17) ([Figure 5](#fig5){ref-type="fig"}D), some with midbody localization only (3 of 17), and some with MT localization only (5 of 17). These data suggest that Sept9 likely acts together with IIB and F-actin to generate the SOC and stabilizes the membrane curvature.

The ESCRT-III Complex Is Incapable of Generating a Site of Constriction in the Absence of NM-II Motor Activity {#sec2.6}
--------------------------------------------------------------------------------------------------------------

To determine how NM-II motor activity might affect abscission, we examined the localization of the endogenous CHMP4B in synchronized cells using immunofluorescence. During early midbody stage, CHMP4B did not localize to the ICB regardless of DMSO or Blebbistatin treatment ([Figure 6](#fig6){ref-type="fig"}). However, during late midbody stage, CHMP4B clearly localized to the midbody and "spread" to the SOA in the DMSO-treated cells (6 of 14) ([Figure 6](#fig6){ref-type="fig"}). This is consistent with a previous report ([@bib15]). In contrast, CHMP4B localized only to the midbody region in all the Blebbistatin-treated cells (n = 24) ([Figure 6](#fig6){ref-type="fig"}). This is not surprising as the formation of SOC was abolished under this condition. Importantly, these data suggest that the ESCRT-III complex is incapable of generating a SOC in the absence of NM-II motor activity.Figure 6The ESCRT-III Complex Is Incapable of Generating a Site of Constriction in the Absence of NM-II Motor ActivityCells were processed and double-stained for CHMP4B (green) and tubulin (red) as described for Sept9 in [Figure 5](#fig5){ref-type="fig"}D. Arrows, sites of constriction; arrowheads, the site of abscission. Scale bar, 5 μm.

Discussion {#sec3}
==========

The prevailing view of cytokinesis is that NM-II is required only for early furrow ingression as a part of the contractile ring. Disassembly of the ring at the midbody stage then allows other factors such as the ESCRT-III complex to take over and drive abscission ([@bib22], [@bib20], [@bib15], [@bib1]). However, our work suggests that NM-II motor activity plays a post-furrow role in cytokinesis, which is to generate a SOC for the ultimate abscission. Although all three isoforms likely share essential roles in both furrow ingression and abscission, our localization data suggest that IIA might be more specialized for furrow ingression and IIB and IIC are more directly involved in abscission. This notion is supported by the following observations: (1) both the endogenous IIA and IIB localize to the division site during furrow ingression, but IIA disappears from the division site at the midbody stage, whereas IIB remains associated with the midbody and the SOC ([Figure 5](#fig5){ref-type="fig"}B); (2) knockdown of IIC by isoform-specific siRNA in human lung tumor cells A549 results in a significant delay at the midbody stage, although these cells eventually underwent abscission ([@bib23]); and (3) IIA translocates actin filaments much faster than IIB or IIC, and the half maximal inhibitory concentration (IC~50~) of Blebbistatin for IIA is significantly higher than that for IIB or IIC ([@bib42]).

How does NM-II act in abscission mechanistically? The initial diameter of the ICB is similar to that of a midbody, which is about 1.8 ± 0.3 μm ([Figure 4](#fig4){ref-type="fig"}B). This is consistent with the previous report of 1.5--2.0 μm for the midbody diameter ([@bib33], [@bib34]). However, ESCRT-III components can only assemble into much smaller spiral filaments (∼40--250 nm in diameter) or rings (50--65 nm in diameter) ([@bib21], [@bib1], [@bib11], [@bib2]). Thus, to enable ESCRT filament assembly, the diameter of the ICB must be substantially reduced from its initial size. However, the driving force for ICB thinning has remained obscure. Our study suggests that NM-II, together with actin filaments, produces forces to generate a SOC with a diameter as small as ∼200--300 nm that is stabilized by the curvature-sensing septins, and this SOC allows ESCRT complex to assemble into filaments and carry out its function in membrane fission.

There are at least two actomyosin-based forces, a "global force" and a "local force," that act in concert to drive ICB thinning. The global force produced at the cortex of the dividing daughter cells during late stage of cytokinesis may drive them apart, which leads to the generation of tension across the ICB that contributes to its general thinning. The existence of such a force is supported by the following observations. (1) NM-IIA and NM-IIB localize to the leading edge and stress fibers, respectively, and are required for cell spreading and migration ([@bib6], [@bib37]). (2) Profilin 1, which promotes formin-nucleated actin filament assembly, is required for abscission during chondrocyte cytokinesis in mice ([@bib8]). Cells lacking profilin 1 can undergo normal AMR constriction, but cannot produce strong traction force to drive cell spreading and migration during abscission ([@bib8]). (3) Finally, tension rises at the ICB before abscission ([@bib10]).

The local force is produced by a secondary AMR, which, together with the septins, generates and stabilizes the SOC, which becomes the future SOA. This local force is responsible for local thinning of the ICB. The existence of such a force is supported by the following observations: (1) GFP-tagged IIB and IIC0 are clearly localized at or near the midbody region before abscission ([Figures 1](#fig1){ref-type="fig"} and [S1](#mmc1){ref-type="supplementary-material"}); (2) endogenous NM-IIB and NM-IIC, but not NM-IIA, were observed to sandwich the midbody ([@bib31], [@bib14], [@bib23]) ([Figure 5](#fig5){ref-type="fig"}B), and, in addition, the endogenous IIB also localizes to the SOCs ([Figure 5](#fig5){ref-type="fig"}B); (3) actin filaments are present at the ICB during the early stage of abscission ([@bib35], [@bib20]) ([Figure 3](#fig3){ref-type="fig"}F) and form a ring-like structure surrounding the SOC ([Figure 5](#fig5){ref-type="fig"}C); and (4) finally, in *Drosophila* testis, the germline stem cells undergo AMR-driven furrow ingression that is followed by actin ring disassembly while leaving NM-II in place. Shortly thereafter, a secondary AMR-like structure (∼1.2 μm in diameter) is formed to delay abscission. Only after disassembly of this secondary actin structure can abscission occur ([@bib28]). It remains possible that this secondary AMR might also promote abscission before its disassembly. Collectively, the global and local forces act in concert to sculpt the ICB into a membrane tube with the correct size and shape that allows ESCRT filament assembly and function.

NM-II motor activity could also contribute to abscission by promoting efficient removal of actin filaments at the ICB. Cytoskeletal elements such as MTs and actin filaments play pivotal roles in furrow positioning and ingression, but they must be removed from the ICB before abscission, as they would physically block membrane fission. ESCRT-recruited spastin, an MT-severing enzyme, is required for the removal of MTs at the midbody ([@bib41]), whereas cofilin, an actin-filament-severing protein, as well as Rab35 and its effector MICAL1 are required to clear actin filaments from the ICB in *Drosophila* germ cells and mammalian cells, respectively ([@bib28], [@bib18], [@bib19]). Clearance of actin and myosin filaments would not only remove a physical block but also release tension, which is essential for abscission ([@bib27]). NM-II motor activity might facilitate F-actin removal by sliding actin filaments and making them more accessible to the actin clearance machinery. The prolonged retention of myosin and actin filaments at the ICB in 7.5 μM Blebbistatin-treated cells as well as their decreased turnover in Blebbistatin-treated cells, as revealed by FRAP analysis ([@bib35]), support the proposed role of NM-II in abscission.

Finally, the septins or the AMR at the SOC could function as a scaffold, akin to the role of NM-II in cytokinesis in budding yeast ([@bib40]), for the localization of the ESCRT complex, which, in turn, directs the deposition of the endosome-carried spastin ([@bib41], [@bib12]) to depolymerize MT at the SOC for the eventual abscission.

In summary, this study suggests that NM-II motor activity may coordinate multiple cellular events including tension generation across the ICB, MT removal, formation of the SOC, F-actin clearance, and tension release to execute the elaborate process of abscission.

Limitations of the Study {#sec3.1}
------------------------

In this study, we have clearly shown that Sept9, NM-IIB, and F-actin are associated with the sites of constriction during the early midbody stage and with the SOA during the late midbody stage. In addition, we have clearly demonstrated that treatment of HeLa cells with a low dose of Blebbistatin abolishes the formation of constriction sites. Our study lays the framework for how NM-II initiates the formation of an abscission site. However, detailed mechanisms concerning the relative contributions of different NM-II isoforms to this process as well as how HeLa and other cell types execute abscission in the absence of specific NM-II isoforms (via CRISPR/Cas9-mediated gene knockouts, instead of siRNA depletion, dominant negative NM-II constructs, or inhibition of NM-II motor activity) are not a focus of this study and warrant further investigation in the future.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Supplemental Information {#appsec2}
========================

Document S1. Transparent Methods and Figures S1--S7
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